Background: In this study, we analyzed frozen sera with known commutabilities for standardization of serum electrolyte measurements in China. Methods: Fresh frozen sera were sent to 187 clinical laboratories in China for measurement of four electrolytes (sodium, potassium, calcium, and magnesium). Target values were assigned by two reference laboratories. Precision (CV), trueness (bias), and accuracy [total error (TE a )] were used to evaluate measurement performance, and the tolerance limit derived from the biological variation was used as the evaluation criterion. Results: About half of the laboratories used a homogeneous system (same manufacturer for instrument, reagent and calibrator) for calcium and magnesium measurement, and more than 80% of laboratories used a homogeneous system for sodium and potassium measurement. More laboratories met the tolerance limit of imprecision (coefficient of variation [CV a ]) than the tolerance limits of trueness (bias a ) and TE a . For sodium, calcium, and magnesium, the minimal performance criterion derived from biological variation was used, and the pass rates for total error were approximately equal to the bias ( < 50%). For potassium, the pass rates for CV and TE were more than 90%. Compared with the non homogeneous system, the homogeneous system was superior for all three quality specifications. Conclusions: The use of commutable proficiency testing/ external quality assessment (PT/EQA) samples with values assigned by reference methods can monitor performance and provide reliable data for improving the performance of laboratory electrolyte measurement. The homogeneous systems were superior to the non homogeneous systems, whereas accuracy of assigned values of calibrators and assay stability remained challenges.
Introduction
The measurement of serum electrolytes is important in the diagnosis of diseases. Therefore, providing accurate results for electrolyte measurements is a crucial task for clinical laboratories. External quality assessment (EQA) was introduced into laboratory medicine more than 60 years ago [1, 2] as an educational tool to address observations that results for aliquots of the same sample are often different when measured by different laboratories. However, many different and frequently proprietary procedures are used by manufacturers to obtain proficiency testing (PT)/EQA samples with suitable analyte quantities and stability characteristics for storage, distribution, and freeze-drying; all of these modifications may lead to matrix effects. Therefore, the most common procedure used to assign a target value is to categorize participant methods into "peer groups", which represent similar technologies and calculate the mean or median of the peer group as the target value after removal of outlier values. Common designs can only give limited information on the existence of bias because the processed materials do not necessarily behave like patient samples [3] , and errors may not be detected by manufacturers when the calibrators in a region are compromised [4, 5] .
In 2014, the Chinese National Center of Clinical Laboratories (NCCL) initiated the serum electrolyte trueness verification program. For this purpose, specimens are fresh sera spiked with pure water or analytes. Consequently, a laboratory can directly determine the accuracy of patient results by comparing PT/EQA results with those from a reference measurement procedure [6] .
Materials and methods

Materials
Fresh sera were collected from patients in Beijing Hospital with approval by the Ethics Committee of Beijing Hospital. All materials had been tested at the donor level to ensure that they were not reactive for anti-human immunodeficiency virus antibodies (anti-HIV-1, anti-HIV-2), hepatitis C virus (HCV), and hepatitis B surface antigen (HBsAg). The specimens were collected and prepared according to the CLSI C-37A guideline [7] . One low concentration level -for which pure water was added -and one high concentration -for which the standard reference material (NIST SRM 915b, SRM918b, SRM919b, SRM929a) was added -were prepared. After dispensing, each concentration level was mixed overnight at 4 °C, placed in vials, and frozen at -80 °C until shipment to the participating laboratories.
Procedure
In 2015, frozen specimens were sent to the participating laboratories. The specimens were shipped on dry ice and were stored at -80 °C until analysis. Participants were asked to measure one aliquot of each concentration level on three specific days, and each aliquot was tested for repeatability five times. Thus, a total of 15 results were obtained for each concentration level. The average of the 15 results was considered as the laboratory tested value. The difference between the tested value and the target value was the bias, the coefficient variation (CV) was calculated from the 15 repeated results, and the total error (TE) was calculated as the bias+2CV.
Target value assignment
The target values were assigned by two reference laboratories in China; the NCCL used inductively coupled plasma-mass spectrometry (ICP-MS) with aluminum as the internal standard, and the Medical System Corp. used ion chromatography. The methods were verified with the certified reference materials NIST SRM909b and NIST SRM956c and all biases were within the range of uncertainty. The recovery rates were 99.79~100.60%, 99.51~100.05%, 99.72~100.42%, 100.11~100.22% for sodium, potassium, calcium, and magnesium, respectively. The two reference laboratories were verified by participation in the ring trial (proficiency testing) of the International Federation of Clinical Chemistry (IFCC-RELA) each year. The average of the two methods was used as the target value. The comparability of the two methods was strong, and the biases were used to show the differences. The target values and bias for sodium were 128.9 mmol/L (-0.13%) and 151.1 mmol/L (0.18%); for potassium, 4.50 mmol/L (-0.11%) and 5.47 (-0.25%); for calcium, 2.00 mmol/L (0.20%) and 2.69 mmol/L (-0.15%); and for magnesium, 0.79 mmol/L (0.11%) and 1.00 (0.09%).
Statistics
Data were obtained from the 2015 National EQA electrolyte trueness program. The obtained results were calculated to evaluate the trueness, precision, and accuracy for each laboratory. Tolerance limits for each measurement procedure were expressed as analytical quality specifications, including allowable CV (CV a ), allowable bias (bias a ), and allowable total error (TE a ) derived from intra-and interindividual biological variation [8, 9] . For sodium, calcium, and magnesium, the minimal performance criterion derived from biological variation was used; for potassium, the desirable performance criterion was used. For sodium, the tolerance limits of bias a , CV a , and TE a were 0.46%, 0.53%, and 1.32%, respectively; for potassium, the tolerance limits were 1.8%, 2.4%, and 5.8%; for calcium, 1.27%, 1.43%, and 3.6%; and for magnesium, 2.75%, 2.7%, and 7.21%.
Results
Systems used by the participating laboratories
Among the 187 participating laboratories, 186, 186, 184, and 171 reported the results for sodium, potassium, calcium, and magnesium, respectively. A system was considered as homogenous if the same manufacturer supplied instruments, reagents, calibrators, and parameters (temperature, volumes, wavelengths, timings, etc, and a heterogeneous system is one not meeting the criteria for a homogenous system. For sodium and potassium, 89% of the laboratories used homogeneous systems. Of these laboratories, the 184 used the ion-selective electrode method, the rest used dry chemical methods. For calcium and magnesium, half used heterogeneous systems. For calcium, the Beckman/DxC instrument was used for the ion-selective electrode method, two laboratories used other homogeneous systems involving dry chemical methods, and other laboratories used colorimetric methods. For magnesium, with the exception of one laboratory using a homogeneous system with the dry chemical method, all laboratories used colorimetric methods. Systems used in the participating laboratories are listed in Table 1 . Differences between the homogeneous and heterogeneous systems
The differences between the homogeneous and heterogeneous systems are listed in Table 2 . Compared with the heterogeneous system, homogeneous systems exhibited superior quality specifications for trueness (bias), precision (CV), and accuracy (TE). For potassium and magnesium, the homogeneous systems met the pre-defined performance specification for trueness (bias) 20% more frequently than the heterogeneous systems; however, this difference was not obvious for sodium, and the difference was only obvious at low concentration for calcium. For sodium, calcium, and magnesium, the homogeneous systems met predefined performance specification for precision (CV), and accuracy (TE) more frequently than those of the heterogeneous systems, and the pass rates for accuracy to be more or less equal to the pass rates for trueness. For potassium, both groups had high pass rates for precision and accuracy.
Results of serum sodium measurements
For sodium, the percentages of laboratories passing the bias performance specification was only 24% (for the low concentration) and 31% (for the high concentration), as shown in Table 3 . About half of the laboratories met the CVs performance specification, whereas the percentages of laboratories meeting the TE a was much lower (14%, 22%). These results indicated that both trueness and precision limited the accuracy of performance specification derived from biological variation. For all participating laboratories, negative bias was predominant, the mean bias was -0.56% (range, from -5.20% to 4.06%) for low concentration and -0.43% (range, from -3.99% to 5.89%) for high concentration; the mean bias of most groups was within 1%. The within-group variations were within 2%, whereas those for other homogeneous systems (3.06%, 3.00%) and the Siemens ADVIA system (2.12%, 1.94%) were higher ( Table 3) .
Results of serum potassium measurements
For potassium, the desirable performance criterion derived from biological variation was used, and the percentages of The percentage represents the laboratories meeting the criteria, and the fraction in brackets are the number of labs meeting criteria/total number of labs of this type. The TE a represents the total error. laboratories passing the desirable bias were 66% and 72%, with the Roche Cobas (79%, 83%) and Roche Modular (94%, 76%) systems having higher pass rates. Almost all laboratories could meet the CVs performance specification, and the percentage of laboratories meeting the TE a was > 90% (Table 4) . For all laboratories, negative bias was predominant, the mean bias was -0.92% (from -5.04% to 5.24%) for low concentration and -0.47% (from -4.73% to 6.89%) for high concentration; the mean bias of most groups was within 1%, except for the Beckman AU and Hitachi groups. The within-group variations were within 2%, except for the Siemens ADVIA, Abbott, and other homogeneous systems (Table 4) .
Results of serum calcium measurements
For calcium, nearly half of the laboratories used heterogeneous systems. The percentages of laboratories passing the bias performance specification were 34% and 44%, and the differences between the ion-selective electrode method (Beckman/DxC) and the colorimetric method were not obvious. The pass rate for precision was relatively high (60%, 71%); however, the percentage of laboratories meeting the TE a was approximately equal to the bias. For all three quality specifications (bias, CV, and TE), the pass rate for the high concentration was about 10% higher than that for the low concentration. Among the homogeneous systems, the mean biases were -0.14% (from -4.47% to 6.54%) and -0.01% (from -5.68% to 8.69%). However, for the heterogeneous system, the pass rate was relatively low, and the ranges of bias were relatively broad. The mean bias of most groups was within 1%, with the exception of the Abbott and Siemens ADVIA systems for low concentration. The within-group variations were 1.96~3.61, and only the Abbott group met the limit of 2% (Table 5) .
Results of serum magnesium measurement
For magnesium, 48% of the laboratories used heterogeneous systems. The percentages of laboratories passing the bias performance specification were 48% and 53%, and the pass rates for the Roche Cobas, Roche Modular and Beckman AU groups were relatively high. The pass rate for precision was about 80%, whereas the pass rate for TE a was approximately equal to the bias. The mean biases were 0.75% (ranging from -9.49% to 11.52%) and 1.48% (ranging from -11.60% to 11.90%) and positive bias was predominant. The mean biases of the Abbott and Siemens ADVIA systems were large; therefore, system bias was . The percentage represents the laboratories meeting the criteria, and the fraction in brackets are the number of labs meeting criteria/total number of labs of this type. The interlaboratory CV shows the within-group variations (CVs); for total laboratories, the interlaboratory CV shows the variation among all the laboratories. The TE a represents the total error. obvious in these two groups. For most of the homogeneous systems, the within-group variations were within 3%. In contrast, for the heterogeneous systems, the variations among the laboratories were 5.47% and 5.07% (Table 6 ).
Discussion
Precision, trueness, and accuracy are the basic parameters used to evaluate measurement procedures in clinical laboratories. In this study, the CV (or standard deviation), bias, and TE were used to analyze the quantify precision, trueness, and accuracy, respectively. Our results showed that more laboratories met the tolerance limit of imprecision (CV a ) than met the tolerance limits of trueness (bias a ) and accuracy (TE a ). However, there were some variations among the four analytes (sodium, calcium, potassium, and magnesium).
The contributions of trueness (bias) and precision (CV) to accuracy (TE)
For sodium, calcium, and magnesium the performance specifications for bias, precision, and total error were set at the minimal level based on biological variation. Because the tolerance limit derived from biological variation was much stricter, most laboratories did not meet this criterion, particularly for sodium. Moreover, for calcium and magnesium, the percentages of laboratories passing the bias performance specification were approximately equal to the pass rates of the TE a ; in contrast, for sodium, the pass rate of bias was higher than the TE, and for potassium, the pass rate of bias was lower than the TE. These data indicated that bias was the main limiting factor of the TE for calcium, magnesium, and potassium; whereas bias and precision were both the main limiting factors for sodium, with the standard derived from biological variation.
Challenges of heterogeneous systems
For calcium and magnesium, half of the laboratories used heterogeneous systems, and the pass rates for all three basic parameters were lower than those for homogeneous systems. Most of the heterogeneous systems were combinations of imported instruments, domestic reagents, and supporting calibrators or the Roche/Randox calibrators. It is possible that financial constraints prevent access to the more expensive homogeneous systems, and domestic reagents have been developed in recent years. However, the more components that are mixed in a system, the less control the user has over the test. For homogeneous systems, the IVD manufacturers determine the intrinsic quality of the products they deliver, and they are responsible for the standardization of the testing systems, which is a reliable way to ensure traceability [10] . In contrast, traceability is the main challenge for heterogeneous systems. Most domestic reagents are combined with the Roche or Randox calibrators; however, the commutability of the calibrators in the different assay systems is not known. If the calibrators lack commutability, using the same value as the constant value may affect the validity of the measurement assay. Therefore, laboratories using heterogeneous systems should verify the traceability of the measurement results. Commutable reference materials that are suitable for end-users for evaluating the metrological traceability of values obtained using routine measurement systems [11] and participating in the EQA program with commutable materials can provide information regarding the performance of the measurement program.
Factors influencing standardization
The goals for optimal PT/EQA programs are to evaluate individual laboratories and measurement systems for bias and reproducibility, stability, calibration traceability, and uniformity between laboratories and measurement systems.
For magnesium, the mean biases of the Abbott and Siemens ADVIA groups were beyond 3%; thus, the system bias was obvious. However, the number of laboratories using these instruments was small, and the results may therefore represent random findings. For homogeneous systems, one main challenge for standardization was the accuracy of the value assigned by the calibrators. The traceability standards in the in vitro diagnostic instruments Directive (Directive 98/79/EC) and ISO17511 [12] , ISO18153 [13] were all designed for diagnostic equipment manufacturers. Target assignment by value transfer based on results from certified reference materials is possible if the commutability of the reference materials has been verified [14] [15] [16] .
For sodium and potassium, most of the within-group CVs were within 2%; for calcium and magnesium, most of the within-group CVs were within 3%. The within-group CVs indicated the reproducibility and stability of the assay. The precision of the instrument, the lot-to-lot consistency of the reagents and calibrators, and the stability of the reagents were all important factors for assay stability. If the assay results drifted between calibrations, simply adjusting the value assigned by the calibrator will not reduce the laboratory variability (interlaboratory variability and intralaboratory variability). Therefore, for analytes with insufficient stability, the frequency of calibration should be increased to reduce laboratory variability.
In addition, individual laboratories must also comply with requirements for standardization. Some of the laboratories used testing systems that were not in strict adherence to the instructions. After implementation, the system did not perform strictly according to the manufacturer's claim. According to the bilateral responsibilities (both the IVD manufacturers and the laboratories themselves), the quality of performance and standardization status in laboratories can be regulated.
Potential to improve equivalence with standardization
The equivalence of results from different laboratories is determined by trueness (bias) and precision (CV). The contribution of bias is negligible when the interlaboratory CV (all laboratories) equals the mean intralaboratory CV. In contrast, the greater the difference between interlaboratory and intralaboratory CVs, the higher the contribution of bias to the dispersion between laboratory results and the greater the effect of standardization on the improvement of equivalence [3] . Importantly, the results showed that the ratio of interlaboratory/intralaboratory CVs was over 2.0 for calcium and magnesium, suggesting that equivalence could be greatly improved with standardization, as shown in Figure 1 .
Limitations
There were several limitations to this study. First, we did not consider the uncertainty of target values. Second, the EQA samples analyzed in this study only included two concentration levels, which did not cover the entire detection range. Third, the repetition results were reported by the laboratories themselves; the validity of these results is not clear, and the intralaboratory CVs may be underestimated. Moreover, the estimate of precision was obtained across only 3 days and 15 samples, with sets of 5 replicates. Thus, the intralaboratory CV estimates are likely to be smaller than that would be achieved over longer periods.
Finally, the lower concentration was diluted with water. As the indirect ISE measurement involved sample dilution, the value would be expected to be high in case of increased plasma water; however, for direct ISE measurement, no sample dilution is needed, and thus no interference would be expected because only the activity of sodium in the water phase is being measured. We did not design any future studies to prove whether these effects exist.
However, for the sodium, the results of reference method/direct ISE measurement (181 laboratories)/indirect ISE measurements (five laboratories) were 128. 
Conclusions
The results showed that more laboratories met the tolerance limit of precision (CV a ) than the tolerance limits of trueness (bias a ) and accuracy (TE a superior pass rates for the three basic parameters, and accuracy of the values assigned by the calibrators and assay stability continue to important challenges. The manufacturers are the main force, rather than individual laboratories needed to promote standardization of electrolyte measurements. In summary, results obtained in this work demonstrate the important role of trueness verification program to correctly monitor performance and provide reliable data for improving laboratory performance. The data accumulated by the trueness verification programs can also promote the improvement of the corresponding quality specifications in China. 
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